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(57) ABSTRACT

A method of determining relative phase data of a signal
received at multiple antennas, the signal being a phase-modu-
lated data signal having a plurality of periods of constant
frequency, the method comprising: within each period of
constant frequency, sampling the signal received by a first one
of the multiple antennas and sampling the signal received by
at least one different one of the multiple antennas; determin-
ing from the recerved samples a data symbol value repre-
sented by the received signal for each of the periods of con-
stant frequency; and using the determined data symbol value
information to eliminate phase variations between the
samples recerved by the different antennas within each con-
stant frequency period arising from the modulation of the data
signal to generate relative phase data for said difierent anten-
nas.

13 Claims, 3 Drawing Sheets
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DETERMINING RELATIVE PHASE DATA OF
A RECEIVED SIGNAL

BACKGROUND

1. Field of the Disclosure

The disclosure generally relates to a method of collecting
RDF data using Bluetooth™ signals that 1s suitable for imple-
mentation within a mobile device.

2. Related Technology

Radio direction finding (RDF) 1s a method of determiming,
from received radio signals the direction in which the radio
transmitter lies. A common method of performing RDF 1s to
configure an array ol antennas to receive the signals and
determine the direction of the transmitter using the differ-
ences 1n phase and amplitude 1n the signals received at each
antenna 1n the array. As mput for the direction finding algo-
rithms 1t 1s generally necessary to provide the relative phase
and amplitude data for the receirved signal at each of the
antennas within the array at a single given instant in time. This
may be achieved by providing a separate receiver chain for
cach antenna so that the receivers can be sampled simulta-
neously (in parallel) or by switching between the individual
antennas at a rate such that all the antennas can be sampled
betfore the transmitted signal changes.

As mobile telephones, as well as other mobile devices,
move towards becoming ubiquitous devices there 1s a desire
to provide RDF capability within such mobile devices. It 1s
already very common for such mobile devices to include a
Bluetooth™ transceiver, which allows relatively short range
(typically tens of meters) data communication to occur
between Bluetooth™ enabled devices. There 1s therefore a
desire to use Bluetooth™ transmissions in RDF within
mobile devices. However, 1t 1s prohibitively expensive in
terms of cost and physical space to provide a mobile device
having a plurality of Bluetooth™ antennas each with their
own receiwver chain. Additionally, transmission rate for a
Bluetooth™ signal 1s 1M symbols/s, with the symbols being
transmitted using a frequency shift keying (FSK) scheme. It 1s
not feasible To provide an array of antennas within a mobile

device with the necessary switching speed to allow the anten-
nas to be switched within a single symbol period.

SUMMARY

According to a first aspect, there 1s provided a method of
determining relative phase data of a signal recerved at mul-
tiple antennas, the signal being a phase-modulated data signal
having a plurality of periods of constant frequency, the
method including within each period of constant frequency,
sampling the signal recerved by a first one of the multiple
antennas and sampling the signal received by at least one
different one of the multiple antennas, determining from the
received samples a data symbol value represented by the
received signal for each of the periods of constant frequency
and using the determined data symbol value information to
climinate phase variations between the samples received by
the different antennas within each constant frequency period
arising ifrom the modulation of the data signal to generate
relative phase data for said different antennas.

The step of determining the data symbol values may
include identifying periods of constant frequency corre-
sponding to periods within the data signal having known data
symbol values

Additionally, or alternatively, the step of determining the
data symbol values may include determining one or more data
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symbol values from one or more previously determined data
symbol values according to prior knowledge of the data signal
content.

The method may further include initially sampling the
signal received by the first antenna at least twice within a
single period of constant frequency and from signal samples
determining the frequency deviation of the modulated data
signal.

The data signal may include a known data code marking
the beginning of the plurality of periods of constant frequency
and the method may include 1dentifying receipt of the known
data code by an antenna and commencing the remainder of
the method 1n response to identifying receipt of the known
data code.

The data signal may comprise a Bluetooth™ signal.

According to another aspect, there 1s provided an apparatus
for recerving a phase-modulated data signal including a plu-
rality of periods of constant frequency, the apparatus includ-
ing a plurality of antennas, each antenna arranged to recerve
the data signal and each antenna being spatially separated
from one another, a signal recerve chain arranged to receive as
an mput the data signal received at any one of the plurality of
antennas and generate a sample of said signal, and a signal
switch arranged to selectively connect any one of the plurality
of antennas to the signal recerve chain, wherein the apparatus
1s arranged to sample the signal received by a first one of the
antennas and subsequently sample the signal recerved by at
least one different one of the antennas within each period of
constant frequency.

The apparatus may be further arranged to mitially sample
the signal received by the first antenna at least twice within a
single period of constant frequency.

The apparatus may further include a further antenna
arranged to continuously receive the data signal and a further
receive chain connected to the further antenna arranged to
detect a data code within the data signal indicative of the
beginning of a period of constant frequency and arranged to
provide a control signal to the signal switch to commence
connecting the plurality of antennas to the first receive chain.

Additionally the further antenna may comprise one of the
plurality of antennas. Similarly, the further receive chain may
comprise the previously referred to signal receive chain.

The antennas and receive chain may be arranged to receive
Bluetooth™ radio signals.

According to a further aspect, there 1s provided a mobile
device including apparatus according to the second aspect
above and arranged to perform the method of the first aspect
above.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present invention will now be
described, by way of illustrative and non-limiting example
only, with reference to the accompanying figures, of which:

FIG. 1 schematically illustrates a swtable hardware
arrangement according to an embodiment;

FIG. 2 1s an Argand diagram representing a recerved signal;

FIG. 3 1s an Argand diagram representing a frequency
modulated signal; and

FIG. 4 1s an Argand diagram representing a pair of received
frequency modulated signals.

DETAILED DESCRIPTION

FIG. 1 schematically illustrates a sutable hardware
arrangement for use in embodiments of the present invention.
An array of N antennas 2 i1s provided, each antenna being
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suitable to recetve a radio frequency signal, such as a Blue-
tooth™ signal. Each antenna 2 can be sequentially connected
by means of a radio frequency switch 4 to a signal receive
chain, the received chain including an amplifier arranged to
receive the radio frequency signal from the connected
antenna provide an output to a filter 8, the output of the filter
being sampled by a sampler 10 to generate a sampled signal

s(t).

The desired input for radio direction finding algorithms to
be extracted from the sample signal s(t) are the cross-corre-
lation coellicients between separate antennas 2 1n the antenna
array. This requires the phase and magnitude of the sampled
signal at each antenna relative to a reference antenna. In

embodiments of the present invention the recerved radio sig-
nal will be phase or frequency modulated, with a symbol rate
such that 1t 1s not practical to operate the radio frequency
switch 4 at such a rate to allow a single symbol to be sampled
at each of the antennas 2 1n the array. Consequently, between
samples received at different antennas within the array there
will be a change in phase and magnitude that arises from one
of two sources: the difference between antenna (wanted) and
change in the modulated signal (unwanted). This can be
explained more clearly with reference to FIGS. 2-4.

FIG. 2 1s a representation of a recetved sample on an
Argand diagram. A received signal sample 1s represented as a
vector arrow 12, the length of which r represents the ampli-
tude of the received signal, termed the absolute value of the
signal sample. The angle ¢ between the line vector 12 and the
horizontal axis of the Argand diagram 1s termed the argument
(arg) of the signal, which 1s also the phase of the received
signal. A signal with a constant magnitude and frequency,
such as a modulation carrier signal, when sampled at equal
time intervals can be represented on an Argand diagram by a
sequence of vector arrows spaced apart by a constant phase
difference ¢. The rate of change of phase with time d¢/dt 1s
termed the angular frequency w, with w=2n1, where 1 1s the
frequency of the signal. In mathematical terms the sample
signal s(t) equals (r)e’® (for real and positive values of r). FIG.
3 schematically represents how the unmodulated signal 12
would be represented on the Argand diagram when modu-
lated using frequency shiit keying, in which the carrier fre-
quency 1s etther increased or decreased by a given frequency
deviation to represent separate symbol values, such as 1 and
—1. If an un-modulated signal was sampled at a first instant 1n
time, represented by the solid arrow 12, and then the same
signal was subsequently modulated using FSK and was
sampled at a unit time period t later, then the second sample
would be represented by either dashed arrow 14 11 the symbol
represented was a 1 or dashed arrow 16 11 the symbol repre-
sented was —1. The angle u between the solid arrow and each
of the dashed arrows represents the phase difference per unit
time of the frequency modulation scheme, referred to as the
frequency deviation. FIGS. 2 and 3 represent signals recerved
at a single antenna. In embodiments of the present invention
the separate signals of interest will be recerved at separate
antennas. This may be represented on an Argand diagram as
shown 1n FI1G. 4, where two separate vector arrows 20, 22 are
represented with a phase difference of 0 being shown. The
phase difference 0 between the separate signals 20, 22 will be
a combination of the phase difference due to the angular
frequency of the transmitted signal, since the two signals are
sampled at separate times, the possible phase difference aris-
ing from a difference in distance between the signal source
and the respective antennas, and a possible phase difference
arising {rom the frequency deviation 1f the symbol repre-
sented by the two separate signals differs from one another.
Consequently, 1t 1s necessary 1n embodiments of the present
invention to be able to determine each of these factors.

The symbol values represented by recerved signal frequen-
cies are determined by utilizing runs of repeated ones or

10

15

20

25

30

35

40

45

50

55

60

65

4

zeroes 1n the received signal, since during these runs the
signal has approximately constant frequency. In embodi-
ments of the present invention intended for use 1n a Blue-
tooth™ system advantage i1s taken from the fact that 1t 1s
known that each packet header within a Bluetooth™ signal
contains such repeated symbols, since the Bluetooth™ speci-
fication requires that each symbol within the packet header 1s
repeated three times, 1.e. a \3-rate FEC (forward error correc-
tion) 1s specified. The symbol value can therefore be deter-
mined as follows.

Consider a signal x(t) having constant unit magnitude and
constant angular frequency w, with phase at t=0 of p:

x(H)y=exp(jx(wi+p))

the signal x(t) as expressed above represents the unmodu-
lated carrier signal. Now let x(t) be modulated by a data
sequence a(t) (where a takes the values of -1 or +1, corre-
sponding to bit values of ‘1’ and ‘0’ respectively) and let A(t)
be the mtegral of a(t) from t=0 to t=t. If the modulation
technique applied 1s frequency shift keying (as in Blue-
tooth™) then there will be an angular frequency deviation u.
The modulated signal y(t) 1s therefore given as:

Y(O)=x()xexp(jxud(z))

=exp(jx(wi+uAd(t)+p))

Now consider two separate antennas both arranged to
receive the modulated signal y(t). The data sequence a(t),
angular frequency o and angular frequency deviation u are
the same for the signals received at both antennas. However,
the phase of the signals recerved at t=0 may be different and
are denoted pl and p2. It will be assumed that both recerved
signals have the same unit magmtude. We denote the signal
y(t) received at the first antenna at t=0 as y1(t) and the signal
received at the second antenna at a separate time nstance of
t=T as y2(t). Hence:

y1(0)=sl=exp(jxpl)

V2(I=s2=exp(jxwI+uAd(t)+p2))

The phase difference between the signals recerved at the

first and second antennas 1s given by the argument, arg, of
s2/s1:

arg(s2/s1)y=wI+ud(N+(p2-pl)

We wish to find (p2-p1), since this 1s the phase difference
of the recerved signals between the two antennas due solely to
the difference 1n location of the antennas with respect to the
transmitted signal. However, 1n addition to not knowing the
values ol pl and p2 the values of u and a(t) are also unknown.
To remove the effect of the (known) carrier frequency o the
received signal at each antenna can be mixed down to base-
band before sampling, so in effect w=0. Additionally, 11 the
signals recerved at both antennas represent the same symbol
then A(t)=1xa(t). Finally, if in fact we sample the two
received signals twice at the same antenna then p2=p1. Con-
sequently arg(s2/s1) can now be expressed as:

arg(s2/s1)y=ud(t)+pl-pl=ulal(l)

Therefore the absolute value (magnitude) of the received
signals 1s:

abs(arg)s2/s1))y=ul

As T 1s known the angular frequency deviation u can there-
fore be determined. This just leaves the symbol value a(t) to
be found.

In embodiments of the present invention to be used where
the radio signals are transmitted using the Bluetooth™ pro-
tocol, use 1s made of the fact that within the header packet
cach symbol 1s transmitted three times per bit. The RF switch
4 (referring to FIG. 1) 1t 1s therefore arranged to switch
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between a pair of antennas within the time period during
which the three symbols are transmitted. Each header packet
1s prefixed by an access code. Consequently, to determine
when each header 1s about to commence the access code 1s
received on a signal antenna and provides a “start” signal for
the main recerved process. The single antenna may be one of
the antennas within the antenna array or may be a separate
dedicated Bluetooth™ antenna within the mobile device.
Equally, the single antenna may be connected to the same
receive chain to which the antenna array 1s connected or may
be connected to an additional receive chain. On recerving the
access code and corresponding start signal, the RF switch 4
connects one of the antennas 2 within the array, the antenna
being denoted a reference antenna, and two samples are taken
from the reference antenna during the transmission of the
initial three (identical) symbols. From the explanation above,
this represents the case where p2=p1 and therefore allows the
frequency deviation u of the transmitted signal to be found.
Subsequently, for each further three symbol transmission a
sample 1s taken from the reference antenna and one of the
remaining antennas, such that each antenna 1s paired with the
reference antenna in turn. It will be appreciated that the order
in which each pair of antennas 1s sampled may differ from one
embodiment to another provided that each possible antenna
pair (reference antenna plus another antenna 1n the array) 1s
used. This 1s repeated until all the bits from the header packet
have been received.

Once all the bits have been received they can be repre-
sented as individual vectors on an Argand diagram. However,
it 1s still necessary to identify which vectors represent each
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will plot to substantially the same location on the Argand
diagram and therefore must be the same symbol value.
As the bit value for bit 4 1s known to be a *0’ the remain-
ing bits (bits 8, 12 & 16) must also be a ‘0’.

3. ITatleastone ‘1’ and one °0’ are seen on the same antenna
pairing, 1t 1dentifies all the symbols from that pairing,
since the angular frequency deviation u 1s determined
from the first symbol. For example, with reference to
Table 2 below, the four samples from antenna pair (1,5)
will be equally located on the Argand diagram in two
separate locations, thus denoting that the samples 1n one
location represent one bit value and the samples in the
other location the other bit value. None of the bit values
are already known for that antenna pair but as the angular
frequency deviation u 1s known then i1t will be possible to
determine the bit value associated with each sample
location to be consistent with the known value of u.

Further knowledge of the header packet may also be used

to calculate the symbol values once a suificient number of the
header symbols have been determined. For example, within
the Bluetooth™ header the last e1ght bits represent a check-
sum derived from the first ten bits of the header. Conse-
quently, once the symbol values for a certain number of bits
within the header have been 1dentified the checksum may be
used to find the remainder by brute calculation force. Alter-
natively, the checksum may be used to validate the extracted
symbol sequence.

An example array pairing pattern according to an embodi-
ment of the present invention 1s 1llustrated below 1n table 1.

Antenna
Pairing 1

1,1)
1,2)
1,3)
1, 4)
1,5)

e e T o M

symbol value. To identily each of the recerved symbols use 1s
made of one or more of three properties of the packet header:

1. Some parts of the header are either known (i.e. they are 45

dictated by the transmission protocol) or are known to be
consistent from one header packet to another. For
example, referring to Table 2 below, bits 1-4 are known.

TABLE 1
Bit Nos.

Checksum
3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
X X X X

X X X

X X X X
X X X X

In the above example the antenna array comprises five
individual antennas, with antenna 1 being the reference
antenna. As previously noted, the order of switching between
antenna pairs may vary from embodiment to embodiment.
Table 2 below provides an example of the extracted header
symbols from the antenna pairing patent 1llustrated 1n Table 1.

TABLE 2
Bit Nos.
‘ Checksum
Atenna
Parmg [ 1|2 | 314|567 |8 9|10 111213114 | 15| 16| 17| 18
Ly |1 HEEEEEENE N
I I o
T N I O
1.4 ol Lol o Jo | p o

2. Once one of the symbol values has been determined it 1s

The bits shown 1 bold (bit numbers 1-4) are bits whose

then possible to identify the remaining symbols received 65 symbol value 1s already known, 1.e. the symbol values are

at the same antenna pairing. For example, referring
again to table 2, all the samples from antenna pair (1.4)

predefined by the header protocol. The remaining bits are
those whose symbol value has been determined from the bit
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values already known, whilst the bits indicated 1n the shaded
boxes are those whose symbol values have been found from
having both a ‘0’ and °1” on the same antenna pairing.

Having extracted the symbol values for each of the bits
received at each antenna pair the required relative phase and
amplitude information can be determined and consequently
used to generate the known cross-correlation coetflicients
between the multiple antennas for use i conventional radio
direction finding algorithms.

Whilst reference has been made above to Bluetooth™
radio signals 1n relation to embodiments of the present inven-
tion, 1t will of course be appreciated that any other transmis-
s1on protocol containing periods of repeated symbol values
may equally be utilised by embodiments of the present inven-
tion. Equally, other modulation schemes, such as QPSK or
QAM, may also be used with embodiments of the present
invention.

Advantages of the present invention include the fact that
only one sample per antenna 1s required during each constant-
frequency period, thus allowing a shorter constant-frequency
period 1ntervals to be utilised. Additionally, no prior knowl-
edge of the symbol sequence 1s required, although any such
knowledge can be exploited. Since no prior knowledge of the
symbol sequence 1s required 1t 1s not necessary for there to be
any cooperation or iteraction between the mobile device 1n
which the antennas are located and the target device transmit-
ting the received signals stop furthermore, only a single RF
receive chain 1s required to service the full antenna array, thus
mimmising the space and power requirements for the mobile
device.

The mvention claimed 1s:

1. A method of determining relative phase data of a signal
received at multiple antennas, the signal being a phase-modu-
lated data signal having a plurality of periods of constant
frequency, the method comprising: within each period of
constant frequency, sampling the signal received by a first one
of the multiple antennas and sampling the signal received by
at least one different one of the multiple antennas; determin-
ing from the recerved samples a data symbol value repre-
sented by the received signal for each of the periods of con-
stant frequency; and using the determined data symbol value
information to eliminate phase variations between the
samples received by the different antennas within each con-
stant frequency period arising from the modulation of the data
signal to generate relative phase data for said different anten-
nas.

2. The method of claim 1, wherein the step of determining,
the data symbol values includes 1dentifying periods of con-
stant frequency corresponding to periods within the data sig-
nal having known data signal having known data symbol
values.

3. The method of claim 1, wherein the step of determining
the data symbol values includes determinming one or more data
symbol values from one or more previously determined data

symbol values according to prior knowledge of the data signal
content.
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4. The method of claim 1, further comprising initially
sampling the signal recetved by the first antenna at least twice
within a single period of constant frequency and from signal
samples determining the frequency deviation of the modu-
lated data signal.

5. The method of claim 1, wherein the data signal includes
a known data code marking the beginning of the plurality of
periods of constant frequency and the method 1includes 1den-
tifying receipt of the known data code by an antenna and
commencing the remainder of the method 1n response to
identifying receipt of the known data code.

6. The method of claim 1, wherein the data signal com-
prises a Bluetooth™ signal.

7. Apparatus for receiving a phase-modulated data signal
including a plurality of periods of constant frequency, the
apparatus comprising:

a plurality of antennas, each antenna arranged to receive
the data signal and each antenna being spatially sepa-
rated from one another;

a signal recerve chain arranged to receive as an input the
data signal received at any one of the plurality of anten-
nas and generate a sample of said signal; and

a signal switch arranged to selectively connect any one of
the plurality of antennas to the signal receive chain,

wherein the apparatus 1s arranged to sample the signal
received by a first one of the antennas and subsequently
sample the signal received by at least one different one of
the antennas within each period of constant frequency,
determining from the received samples a data symbol
value represented by the recerved signal for each of the
periods of constant frequency; and using the determined
data symbol value information to eliminate phase varia-
tions between the samples received by the different
antennas within each constant frequency period arising
from the modulation of the data signal to generate rela-
tive phase data for said different antennas.

8. The apparatus of claim 7 further arranged to initially
sample the signal recerved by the first antenna at least twice
within a single period of constant frequency.

9. The apparatus of claim 7 further comprising a turther
antenna arranged to continuously recerve the data signal and
a further recerve chain connected to the further antenna
arranged to detect a data code within the data signal indicative
of the beginning of a period of constant frequency and
arranged to provide a control signal to the signal switch to
commence connecting the plurality of antennas to the first
receive chain.

10. The apparatus of claim 9, wherein the further antenna
comprises one of said plurality of antennas.

11. The apparatus of claim 9, wherein the further receive
chain comprises said signal receive chain.

12. The apparatus of claim 7, wherein said antennas and
receive chain are arranged to receive Bluetooth™ radio sig-
nals.

13. A mobile device including the apparatus of claim 7.

G ex x = e
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